Abstract This study sought to discover which atherosclerotic plaque components co-localize with enhanced [ 18 F]-fluorodeoxyglucose (FDG) uptake in carotid positron emission tomography (PET) images. Although in vivo PET currently lacks the resolution, high-resolution ex vivo FDGmicroPET with histology validation of excised carotid plaque might accomplish this goal. Thirteen patients were injected with FDG before carotid endarterectomy. After excision, the plaque specimens were scanned by microPET and magnetic resonance imaging, and then serially sectioned for histological analysis. Two analyses were performed using generalized linear mixed models: (1) a PET-driven analysis which sampled high and low FDG uptake areas from PET images to identify their components in matched histology specimens; and (2) a histology-driven analysis where specific plaque components were selected and matched to corresponding PET images. In the PET-driven analysis, regions of high FDG uptake were more likely to contain inflammatory cells (p \ 0.001) and neovasculature (p = 0.008) than regions of low FDG uptake. In the histology-driven analysis, regions with inflammatory cells (p = 0.001) and regions with loose extracellular matrix (p = 0.001) were associated with enhanced FDG uptake. Furthermore, areas of complex inflammatory cell infiltrate (colocalized macrophages, lymphocytes and foam cells) had the highest FDG uptake among inflammatory subgroups (p \ 0.001). In conclusion, in carotid plaque, regions of inflammatory cell infiltrate, particularly complex one, co-localized with enhanced FDG uptake in high-resolution FDG-microPET images. Loose extracellular matrix and areas containing neovasculature also produced FDG signal. This study points to the potential ability of FDG-PET to detect the cellular components of the vulnerable plaque.
Introduction
Atherosclerosis is a leading cause of cardiovascular disease [1] . Beyond restriction of flow due to luminal stenosis, the composition of the plaque has been shown to be a critical component in the diagnosis of vulnerable plaque and in disease management [2] . Vulnerable plaques are characterized by active inflammation, increased neovasculature, intraplaque hemorrhage, a thin fibrous cap and a large lipid core [2] [3] [4] .
[ 18 F]-fluorodeoxyglucose (FDG) positron emission tomography (PET) has shown promise in detecting metabolically active inflammatory cell infiltrates associated with vulnerable atherosclerotic plaque [4] [5] [6] [7] . In a prospective clinical study of FDG-PET in atherosclerosis, Rudd et al. [5] demonstrated that symptomatic, unstable carotid plaques accumulated more FDG than asymptomatic lesions. Another group found a strong association between FDG uptake in carotid plaque and macrophage density, suggesting that in vivo FDG-PET imaging can be used to assess severity of inflammation in carotid plaques in vivo [8] . However, there is controversy regarding which components of the plaque are responsible for FDG-PET uptake [9, 10] . The limited resolution of in vivo FDG-PET does not provide accurate co-localization information of FDG uptake with specific plaque components. High-resolution imaging techniques have also been utilized to explore this question. In Rudd's study [5] , accumulated deoxyglucose in macrophage-rich areas were detected using autoradiography in three plaque specimens. Another ex vivo study used FDG-microPET to investigate associations between FDG uptake and macrophages [11] . However, these ex vivo studies incubated plaque specimens with FDG after excision, which may not accurately reflect in vivo FDG uptake in plaques fed via the bloodstream.
To address this limitation, we utilized high-resolution microPET on carotid plaques excised from patients injected with FDG just prior to carotid endarterectomy (CEA). Our aim was to investigate which plaque components contribute to enhanced FDG uptake in vivo.
Materials and methods

Patient population
Fourteen patients scheduled for elective CEA were recruited after providing informed consent (12 men, 2 women, age 54-83). The study was approved by the local Institutional Review Board. The inclusion criteria for carotid endarterectomy was that patients either be asymptomatic with [80 % carotid stenosis or symptomatic with [50 % carotid stenosis.
Image acquisition
Approximately 1 h before CEA, patients were injected with FDG (9.1 ± 1.7 mCi) intravenously. The carotid plaques were excised intact with special effort taken to minimize disruption of lesion. The ex vivo plaque specimens were scanned within 4 h after injection using microPET (Siemens Inveon, Knoxville, TN). Images were reconstructed into 0.3 9 0.3 9 0.8 mm 3 voxels using the vendor 3D MAP algorithm with a spatial resolution specification of 2.5 mm full width at half maximum. Specimens were then imaged by T1-weighted MRI (3T Philips Achieva, Best, Netherlands): TR/TE = 550/ 12.3 ms, resolution = 0.16 9 0.16 mm 2 , and slice thickness = 1 mm. After imaging, the intact CEA specimens were fixed in 10 % neutral buffered formalin, decalcified in 10 % formic acid, and processed to paraffin en bloc. Serial sections were taken at every millimeter in the common carotid and at every 0.5 mm throughout the bulb and the internal carotid to the end of the specimen. Sections from each level were stained with hematoxylin and eosin.
Image co-registration MRI was used to facilitate matching between PET images and histology, an approach previously described by Kerwin et al. [12] . The axial PET images were first manually coregistered to axial MR images (Fig. 1) , which was carefully performed by two reviewers using lumen and out wall boundary and bifurcation location information. Two histologists, blinded to the PET image findings, matched the histology slices to the MR cross-sectional images by referring to the bifurcation location and plaque anatomy. Once matched, regions of interest on the PET images were automatically mapped to the corresponding region on MRI . Plaque components were identified by histology and marked (yellow cross) in the corresponding MRI image. The averaged SUV in the ROI (2 mm 9 2 mm, red square) centered at the cross were calculated from the matched PET image. Accumulated foam cells (red arrowhead), three types of inflammatory cells with co-localized hemorrhage (blue arrowhead) showed enhanced FDG uptake, while calcification (red arrow) showed low FDG uptake. PET images shown here were normalized by the maximize intensity of the plaque. ROI region of interest, SUV standard uptake value and vice versa. This allowed histology readers to remain blinded to the corresponding PET information and the PET analysis to be blinded to histology.
PET-driven analysis
To investigate sources of enhanced PET signal, a bidirectional analysis approach was adopted. First, in the PETdriven analysis, 1 mm 2 regions of high and low FDG uptake were automatically identified on PET images with signal either in excess of 200 % of averaged FDG uptake of dense fibrous tissue (high uptake) or below the 150 % threshold (low uptake), where dense fibrous tissue was identified in histology in advance to get the corresponding averaged FDG uptake. Histologists then recorded all plaque components shown proximately within each sample square in the corresponding matched histologic sections. The recorded plaque components included fibrous tissue, calcification, loose extracellular matrix, lipid core, lipid pool, intraplaque hemorrhage, organizing/organized thrombus, granulocytes, neovasculature and inflammatory cells (macrophages, lymphocytes and/or foam cells). The total number of colocalized inflammatory cell types were also recorded.
Histology-driven analysis
In a second, histology-driven analysis, regions with specific components were first identified by a histologist blinded to PET. The reader selected points on histology and recorded the components present in that region (Fig. 1 ). Components were limited to those found to be associated with uptake in the PET-driven analysis (p \ 0.2). Fibrous tissue (as the reference) and calcification (as the negative control) were also carefully selected as to not be too close to other components, while other areas were permitted to have multiple co-localized components (e.g. co-localized macrophages and neovasculature).
For each point identified on histology, the mean standard uptake value (SUV) for each 2 mm 9 2 mm region of interest (ROI) centered at each identified point (red square in Fig. 1b ) was recorded automatically using the matched PET images. Pixels outside the artery wall boundary were excluded from the averaging. The SUV of each pixel was calculated as SUV ðg=mL) ¼ tissue concentration ðMBq=mLÞ injected dose ðMBqÞ=bodyweight ðgÞ
Statistical analysis
Generalized linear mixed models (GLMMs) were used for the PET-driven and histology-driven analyses (SPSS, version 21). For the PET-driven analysis, regions with high and low FDG uptake were analyzed using a logistic GLMM with high/low uptake as the dependent variable and plaque components as the independent variables. Each region could contain 0, 1 or more plaque components. For the histology-driven analysis, the dependent variable was meanSUV (a continuous variable), so a linear mixed model (LMM) was used. As with the PET-driven analysis, each region could contain multiple plaque components on histology. In all models, a random intercept term was included for each plaque to adjust for the overall uptake of the plaque and account for the repeated measurements per plaque. In the PET-driven analysis, all observations were included in each model. In the histology-driven analysis, each model included only observations with either fibrous tissue (the reference or fixed model intercept) or the other plaque components in the model. The significance level was set as 0.05.
For both analyses, univariate models were analyzed first by only including one plaque component as the independent variable one time. Then multivariate models were analyzed which included all plaque components as independent variables (except fibrous tissue) found to be statistically significant in the univariate analysis. For the PET-driven analysis, the resulting regression coefficients correspond to odds ratios (OR) of having high versus low FDG uptake based on the presence or absence of each component. For the histology-driven analysis, the regression coefficients correspond to the mean increase or decrease in meanSUV seen when each component was present compared to the meanSUV of fibrous tissue.
As an exploratory analysis, the inflammatory cell infiltrate was divided into subgroups by cell type (macrophages, lymphocytes, and foam cells) and by the number of cell types present (INF 1 , INF 2 or INF 3 ), where INF 3 represents the most complex type of inflammatory cell infiltrate with all three types of inflammatory cells co-localized. In a multivariate model, the single overall inflammation variable was replaced by these separate inflammatory subgroup variables to determine whether uptake associations varied by subtype.
Results
All fourteen subjects successfully underwent FDG injection and carotid endarterectomy. All plaques were imaged by MRI and microPET imaging. At histology examination one specimen was found to have a prominent xanthoma and was excluded from further analysis. FDG injections occurred 1.37 ± 0.38 h prior to endarterectomy and the time interval between FDG injection and PET scanning was 2.45 ± 0.52 h.
PET-driven analysis
Three plaques that did not contain any high uptake samples on PET were excluded due to model requirements. They were however used for the subsequent histology driven analysis.
Within the ten remaining plaques, there were 131 high uptake regions and 98 low uptake regions. Table 1 summarizes the plaque components found in both groups (only shows components with more than five counts). In the univariate GLMM models, only regions of inflammatory cell infiltrate (OR = 6.93, p \ 0.001) and neovasculature (OR = 5.57, p \ 0.001) were significantly more likely to be present in high uptake regions compared with low FDG uptake regions, while calcification (OR = 0.54, p = 0.044) and fibrous tissue (OR = 0.56, p = 0.043) were more likely to be in low uptake regions. All inflammatory cell subgroups tended to be positively associated with high uptake regions. Based on a multivariate model, regions of inflammatory cell infiltrate (OR = 5.95, p \ 0.001) and neovasculature (OR = 4.09, p = 0.008) were independently associated with high FDG uptake.
Histology-driven LMM analysis
Based on the PET-driven analysis, inflammatory cell infiltrates, neovasculature, loose extracellular matrix were chosen as possible features associated with high FDG uptake.
Therefore, these features, as well as fibrous tissue and calcification were identified in the histology-driven portion of the analysis. In total, 319 ROIs from 13 patients were selected. Table 2 summarizes the histology-driven analysis results. The univariate analysis found that all components were significantly associated with meanSUV. The multivariate analysis found that regions of inflammatory cell infiltrate (p = 0.001) and loose extracellular matrix (p = 0.001) were independently associated with enhanced FDG uptake while neovasculature (p = 0.157) was no longer significant after adjusting for the other components. In addition, calcification (p = 0.004) was negatively associated with FDG uptake.
Further subgroup analysis of the inflammatory cell groups showed that meanSUV tended to be higher than fibrous tissue when either macrophages (p = 0.020), foam cells (p = 0.007) or lymphocytes (p = 0.065) were present (Table 3 ). In addition, meanSUV tended to increase intensively when all three inflammatory cell types were present (p \ 0.001; Fig. 2 ). Elevation of meanSUV was not significant when only a single inflammatory cell type was present (p = 0.325).
Discussion
The primary finding of this study largely confirms prior reports that inflammatory cells (macrophages and foam cells) lead to enhanced FDG uptake in atherosclerotic plaque. The study further establishes the specificity of this relationship as it showed a one-to-one relationship between regions with inflammatory cell infiltrate and regions with enhanced FDG uptake. Additionally, the study showed that complex inflammatory cell infiltrates with co-localized macrophages, lymphocytes and foam cells, had the highest FDG signal. This study included several unique aspects beneficial for furthering the link between inflammation and FDG uptake. First, ex vivo microPET allowed accurate localization of PET signals. Second, injection of the PET tracer immediately prior to surgery allowed in vivo delivery of the FDG agent. Third, the use of a bidirectional analysis allowed us to establish that areas of inflammatory cell infiltrate showed enhanced FDG uptake, and the corollary, that regions of enhanced uptake were more likely to contain inflammatory cell infiltrates than areas of low uptake.
Physiologically, macrophages have much higher rate of glucose uptake than neighboring cell types [13] . Our study, which co-localized macrophages with enhanced FDG uptake areas, confirmed previously observed positive correlations between FDG uptake and macrophages both in vivo and in vitro [5, 6, 8, 14] . For instance, Tawakol et al. [8] demonstrated a significant correlation (r = 0.70, p \ 0.0001) between FDG-PET signal of carotid plaque and the presence of macrophages (CD 68 positive) in corresponding histology specimens from seventeen patients; Rudd et al. [5] found the majority of deoxyglucose accumulated in macrophage-rich areas in excised carotid plaque specimens incubated with deoxyglucose in vitro.
Furthermore, our finding that foam cells have enhanced FDG uptake is as expected, considering that foam cells are formed by macrophages internalizing modified LDL which is energy consuming [15] . This is also supported by a previous in vitro study which demonstrated that early stages of foam cell formation had enhanced FDG uptake by using cultured mouse peritoneal macrophages [16] . Foam Bold values indicate significance level at p \ 0.05 CI confidence interval, ROI region of interest a The multivariate models include the significant plaque components from Table 2 , but with the overall inflammation component replaced with either inflammatory cell type variables (multivariate model 1) or the number of inflammatory cell types (multivariate model 2) b As in Table 2 c INF n means n types of inflammatory cells (macrophages, lymphocytes and foam cells) were co-localized in one ROI cell accumulation at an early stage of atherosclerosis, known as the ''fatty streak'' [15, 17] , is a hallmark of atherosclerosis. The co-localization of foam cells with regions of enhanced FDG uptake may explain the observation of focal enhanced FDG uptake areas in arteries without obvious vessel wall thickening, and also suggests the potential ability of FDG-PET in detecting initial plaque lesions.
In this study, complex inflammatory cell infiltrates with co-localization of lymphocytes, macrophages and foam cells had significantly higher FDG-PET signal than areas with only one or two types of inflammatory cells. This is as expected, as the presence of all three types of inflammatory cells would be presumed to have more activity [15] . For example, activated macrophages can activate T lymphocytes and activated T lymphocytes secrete cytokines, which can further recruit and activate more macrophages. Activated inflammatory cells are very energy-consuming [15] .
Regions of calcification had reduced FDG uptake, although one would expect there to be no uptake at all. However, calcification in the carotid plaque is often fragmented containing live cells between the calcium fragments which may account for the signal. Furthermore, there has been controversy regarding the FDG non-specific binding with calcification. For example, Laitinen et al. [9] found that FDG uptake in calcified area in LDLR/ApoB48 knockout mice was significantly higher than healthy arteries using autoradiography and that FDG co-localized with calcification in human plaque samples in vitro. But these findings contradict numerous observations in humans demonstrating the rare overlap of FDG uptake and calcification in both in vivo studies [18] [19] [20] and ex vivo studies [11] . In addition, the in vitro result from Laitinen et al. is not conclusive due to the small human sample size and in vitro incubation environment.
Loose extracellular matrix was associated with enhanced FDG uptake independently in the histology-driven analysis, due to the presence of active smooth muscle cells and fibroblasts which produce extracellular matrix. Although normal smooth muscle cells are not associated with enhanced FDG uptake in many studies [6] , it has been noted that smooth muscle cells have increased glucose uptake when exposed to pro-inflammatory cytokines [21] . In atherosclerosis, the inflammatory response can stimulate the migration and proliferation of smooth muscle cells [15] , which is an energy-consuming process.
Regions of neovasculature were found to have a significant independent positive association with high FDG uptake in the PET-driven analysis and the univariate histology-driven analysis. Enhanced FDG uptake in regions of neovasculature may be related to endothelial cells lining the neovessels [22] which are known to have an increased rate of glucose uptake caused by atherogenic stimuli [21] , in addition to the increased density of inflammatory cells often observed surrounding the neovessels [23] .
Although the association of loose extracellular matrix and neovasculature with enhanced FDG uptake were not always significant in both PET-driven and histology-driven analyses, perhaps due to the small sample size, they consistently showed association with enhanced FDG uptake.
Our study further promoted the clinical application of FDG-PET in vulnerable plaque assessment by localizing enhanced FDG signal with plaque components. FDG has been shown to bind to a variety of activated cells. Identifying these activated cells in a plaque may point to activity which may lead to vulnerablility. Based on our bidirectional analysis, bright FDG signal in clinical FDG-PET scans can be attributed to inflammation, especially complex inflammation, with possible contribution from loose extracellular matrix and neovasculature. Active inflammation and neovasculature are key features for vulnerable plaques [15] ; the co-localization of loose extracellular matrix and enhanced FDG uptake is also probably due to exposure to pro-inflammatory cytokines [21] . Therefore, enhanced FDG uptake in FDG-PET represent the co-localized vulnerable plaque components. And the higher FDG uptake, the more aggressive therapy methods may be required. However, further research using a clinical PET scanner and standardized protocol [24] is needed to quantify the FDG uptake for treatment decision making. (Table 3) . INF 3 (complex inflammatory cell infiltrates) had the highest FDG uptake among these groups. INF n means n types of inflammatory cells (macrophages, lymphocytes and foam cells) were co-localized in one ROI. *p \ 0.001
Study limitations
While significant effort was taken to register the PET, MRI and histology specimens, mis-registration may have contributed to error, particularly in areas of more subtle FDG uptake. MeanSUV over a 2 mm 9 2 mm region was utilized for each ROI to minimize the mis-registration effect. The study sample size was relatively small. Nonetheless, significant associations between specific plaque features and patterns of FDG uptake were observed. Lastly, although multivariate linear mixed models were introduced to analyze the independent FDG contribution of components, the fact that components are co-localized did not allow for the complete exclusion of effects from adjacent cells.
Conclusions
This study, using generalized linear mixed models, showed that in vivo uptake of FDG corresponded to regions of inflammatory cell infiltrate in human carotid atherosclerotic plaque, particularly, complex inflammatory cell infiltrates with co-localized macrophages, lymphocytes and foam cells. The use of high-resolution microPET also revealed FDG uptake in other plaque components such as loose extracellular matrix and neovasculature. The overlay of FDG-PET signal with serially sectioned and matched histology validated that FDG uptake had good correlation with the active components of the human atherosclerotic plaque.
